Diffuse optical imaging (DOI) alone offers the possibility of simultaneously and noninvasively measuring neuronal and vascular signals in the brain with temporal resolution of up to 1 ms. However, while optical measurement of hemodynamic signals is well established, optical measurement of neuronal activation (the so-called fast signal) is just emerging and requires further optimization and validation. In this work, we present preliminary studies in which we measured the fast signal in 10 healthy volunteers during finger-tapping, tactile stimulation, and electrical median nerve stimulation. We used an instrument (CW4) with 8 source (690 and 830 nm) and 16 detector positionsmore optodes than the instruments in previously reported studies. This allowed us to record the ipsilateral and contralateral sensorimotor cortex simultaneously, while at the same time measuring the evoked hemodynamic response. We used an acquisition time of 25 ms per image; after averaging approximately 1000 events, the signal-to-noise ratio was approximately 10 4 . Since the expected relative intensity changes due to the fast signal (approximately 10 À 3 ) are smaller than the relative intensity changes due to physiological effects (approximately 10 À 1 ), we enhanced the suppression of competing signals such as the heartbeat-associated intensity changes, and established five criteria with which to assess the robustness of the fast signal. We detected the fast signal in 43% of the measurements during fingertapping, 60% of those during tactile stimulation, and 23% of those during electrical median nerve stimulation. The relative changes in intensity associated with the fast signal were approximately 0.07% and the latency of the signal was approximately 100 ms. D
Introduction
Electro-encephalography (EEG) and magneto-encephalography (MEG) provide direct measurements of neuronal activation through electrical and magnetic measures of neuronal discharge; positron emission tomography (PET) typically measures regional cerebral blood flow (rCBF) and cerebral metabolic rate of oxygen (CMRO 2 ); functional magnetic resonance imaging (fMRI) measures blood oxygenation level dependent (BOLD) and blood flow signals. While implementation of these techniques has yielded great advances in the study of the human brain and the physiology of brain activation, there are still a number of questions about the connection between neuronal activation and the hemodynamic response that cannot be easily answered by coregistration of these modalities. Diffuse Optical Imaging (DOI) is the only imaging technique that is potentially able to provide simultaneous, noninvasive measurements of neuronal, metabolic and vascular signals from the brain cortex.
In the past 10 years, near-infrared spectroscopy (NIRS) and DOI have been shown to be effective tools for measuring local changes in cerebral hemodynamic during functional brain activation. Since the first demonstrations of noninvasive optical measures of brain function (Gratton and Corballis, 1995; Hoshi and Tamura, 1993; Villringer et al., 1993) , studies have been performed on adult humans using visual , auditory (Sakatani et al., 1999) , and somatosensory stimuli . In addition, a number of studies have focused on the motor system (Colier et al., 1999; Franceschini et al., 2000; Hirth et al., 1997; Kleinschmidt et al., 1996) . Other areas of scientific investigation include language (Sato et al., 1999) , higher cognitive function (Hoshi and Tamura, 1993) , and functional studies of patient populations (Fallgatter et al., 2000; Hock et al., 1997) . The hemodynamic changes measured with NIRS and DOI have been shown to correlate with the BOLD fMRI signal (Kleinschmidt et al., 1996; Mehagnoul-Schipper et al., 2002; Strangman et al., 2002; Toronov et al., 2001; Yamamoto et al., 2002) .
A more controversial point is whether DOI can be used to monitor neuronal activity noninvasively, based on changes in scattering induced by cell conformation and swelling changes. It has been known for some time that neuronal activity produces fast changes in optical properties-often called ''fast signals''. These signals have a latency of about of 10 -100 ms and are much faster than the metabolic (approximately 500 -1000 ms) and hemodynamic (2 -5 s) evoked responses. Invasive methods in isolated nerve preparations, tissues slices and explants were the first employed to measure the fast optical signals synchronously with electrical activity (Cohen 1973; Salzberg et al., 1988; Tasaki et al., 1992) . Using dark-field microscopy to detect scattered light in cell culture, Stepnoski et al. (1991) have shown that neuronal activity is associated with an increase in light scattering. Light scattering changes in the brain can be related to changes in the index of refraction of neuronal membranes, to changes in the refractive index mismatch between the intra-and extracellular fluids, and to volume changes of cellular compartments. Exposed cortical tissue studies in animals have recently revealed fast light scattering changes corresponding to electrical evoked responses (Rector et al., 1997 (Rector et al., , 2001 . Hemodynamic changes in the same 100-ms temporal range have been observed during brain activity by Sandman et al. (1984) . Measurement of changes in the brain's optical properties through the intact head is more complex, but more appealing because of its application to humans. In the past few years, several attempts have been made to measure the fast signal in human subjects in vivo and noninvasively (Gratton et al., 1997b; Steinbrink et al., 2000; Wolf et al., 2002) . Using a frequency-domain system, Gratton et al. (1995a) reported a transient increase in the phase shift in the visual and auditory cortex (Rinne et al., 1999) , with latencies of 50 -100 ms following the onset of stimulation. These signals show the same time course as the electrophysiological response measured with EEG (Gratton et al., 1997b) and originate in the same location as does the hemodynamic evoked response. Steinbrink et al. (2000) measured a fast optical signal during electrical median nerve stimulation using a continuous-wave system. The single-channel instrument that they used, comprised of a halogen lamp emitting 150 mW and a PMT detector, had extremely low noise so as to maximize the signal-to-noise ratio (SNR). Wolf et al. (2002) measured the fast optical signal during finger-tapping stimulation with the same frequency-domain instrument as Gratton. They found that, because of the better SNR, the fast signal was more evident in the light intensity and amplitude than in the phase shift. From these efforts it is clear that, while noninvasive optical measurement of the fast signal is feasible, the main challenge to measuring it in humans is low SNR.
In this work, we tested the ability to measure the fast signal during finger-tapping, finger-tactile, and electrical median nerve stimulation. We used a continuous-wave instrument (CW4, TechEn ) with eight source positions, each with two wavelengths (690 and 830 nm), and 16 detector positions. This allowed us to record the ipsilateral and contralateral sensorimotor cortex simultaneously, while at the same time measuring the evoked hemodynamic response. With the CW4 instrument, the major source of noise was not instrumental but physiological. The instrumental noise of the system at an acquisition rate of 20 -50 Hz per image is approximately 0.1% in the measured intensity, and after averaging approximately 500 -1000 events the SNR is approximately 10 4 . The primary source of noise was physiological noise due to arterial pulsation. To suppress the signal due to heartbeat-associated intensity changes we used adaptive filters previously described in the literature (Gratton et al., 1995a; Wolf et al., 2002) . Nevertheless, since the expected relative intensity changes due to the fast signal (approximately 10 À3 ) are one order of magnitude smaller then the relative intensity changes due to physiological effects (approximately 10
À2
), we performed various analyses to validate our results and established five criteria with which to assess the robustness of the measured signal. By following these criteria, we were able to distinguish the fast signal from instrumental noise, systemic hemoglobin changes, and motion artifacts. As a result we detected fast neuronal signal in 43% of the measurements during finger tapping, 60% of those during tactile stimulation, and 23% of those during electrical median nerve stimulation. We believe that, in the future, we will be able to improve the detectability of the fast signal by improving the instrumentation, the stimulation protocols, and the signal processing.
Methods

Monte Carlo simulations
To predict the effect of a focal change of the optical coefficients within the brain cortex on our measurements, we performed Monte Carlo simulations. To accurately model photon migration through the human head we used structural MRI images. It is critical to consider an appropriate treatment of the complex, nonplanar air-tissue and internal tissue boundaries of the human head. Given this boundary information we implemented a Monte Carlo solution of the radiative transport equation . This Monte Carlo code allows us to obtain results in a complex 3D head model with a signal-to-noise ratio greater than 100 at distances of up to 30 mm with a 1 mm 2 detector and with 10 8 photons propagated within 5 -10 h of computer time on a Pentium III 1000 MHz CPU. Fig. 1a shows an example of an anatomical MRI of a human head segmented into five tissue types (scalp, skull, cerebral spinal fluid, and gray or white matter; see (Dale et al., 1999) .
We used this Monte Carlo code to predict the effect of an absorbing or scattering inclusion within the brain cortex on the detected light intensity and phase shift. We chose optical properties for the different tissue types (see Fig. 1b ) based on reports from the literature (Strangman et al., 2003; Torricelli et al., 2001; Zhao et al., 2002) . To these tissue types we artificially added a tissue type for activated brain tissue with different scattering or absorbing optical properties and in different locations in the head.
DOI instrument
We used a multichannel continuous-wave optical imager (CW4) to obtain the measurements (see Fig. 2a ). Developed at the Photon Migration Lab, Anthinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, and assembled by TechEn, the imager has 18 lasers -9 lasers at 690 nm and 9 at 830 nm -and 16 detectors. The laser intensities are driven at 18 different frequencies, generated by a master clock between 4 and 7.4 kHz in approximately 200 Hz steps. These then drive the individual lasers with current stabilized square-wave modulation. Each laser delivers less than 5 mW to the tissue. For detectors, the imager employs avalanche photodiodes (APD's, Hamamatsu C5460-01), each of which is digitized at approximately 40 kHz. Each APD module is followed by a bandpass filter, a cut-on frequency of approximately 500 Hz to reduce 1/f noise and the 60 Hz room light signal, and a cut-off frequency of approximately 16 kHz to reduce the third harmonics of the square-wave signals. Next is a programmable gain stage. This is used to match the signal levels with the acquisition level on the analog-to-digital converter within the computer. A digital bandpass filter is used off-line to obtain the individual source signals. These are separated with an infinite-impulse-response filter with a 20 Hz band pass frequency. For the current study, light sources and optical detectors were coupled to optical fibers and arranged in a probe as shown in Fig. 2b . For the data analysis, we considered only the source -detector pairs at the minimum distance (3 cm)-that is, 14 couples in each hemisphere, for two imaged areas of 5.6 Â 6.0 cm 2 .
Protocols
The probe consisted of a flexible plastic array with source and detector fibers inserted into it (see Fig. 2c ). The array was secured to the subject's head with Velcro and foam material. The subject then lay flat on foam bedding and we secured both arms with straps, to minimize intentional and extraneous movements.
In the finger-tapping protocol, we instructed subjects to touch their thumb with their index and middle fingers in time with a 4 -5 Hz metronome beep (we adjusted the frequency for each subject so as not to overlap with an harmonic of the arterial pulsation frequency). In the finger-tactile protocol, an investigator touched the first three fingers of the subject's hand at the rate established for the finger-tapping protocol. In these protocols, we alternated 20-s stimulation periods with 20-s rest periods and repeated the on/off sequence 10 times for a duration of 420 s. In both protocols, auditory cues told the subject or investigator when to begin or end each period. The metronome beeps continued through both stimulation and rest periods, so as to avoid differences in auditory stimuli. For the electrical median nerve protocol, we applied 0.2-ms-long current pulses to either the right or left wrist of the subject (Grass stimulator, AstroMed, Mod.S88K). We delivered the 4-to 5-Hz pulses in trains of 10 s, followed by 18 s of rest. For each subject, the current was adjusted to the level of motor threshold-that is, the lowest current that produces a visible contraction. The current values used ranged from 5 to 10 mA. The median nerve stimulation session consisted of an initial reference rest period followed immediately by a blocked design of 18 task and rest sequences.
We explained these instructions to the subjects before beginning the measurement sessions. During the sessions, a pulse oximeter (Nellcor, continuously recorded the arterial saturation and the heart rate at the subjects' toes. A strain gauge belt (Sleepmate/Newlife Technologies, Resp-EZ) placed around the subjects' upper abdomens monitored their respiratory efforts. We employed the analog outputs of the pulse oximeter and strain gauge for continuous coregistration of physiological and optical data. Finger-tapping and finger-tactile were recorded with contact sensors attached to the subject's fingers. For fingertapping a low voltage signal was sent to the auxiliary data acquisition board every time the subject's thumb touched the other fingers; for finger-tactile the low voltage signal was sent every time the investigator fingers touched the subject's fingers. Similarly, we synchronized the median nerve stimulation with the optical data by collecting the analog output from the back panel of the Grass stimulator. The auxiliary card acquires at a rate of 1 kHz, synchronously with the data acquisition card for the optical data. We measured the delay between the stimulation onset signals acquired with the auxiliary card and the optical signals acquired with the CW4 system. We verified that the delay between the two datasets is 30 -40 ms and that it is constant during 5 -10 min of data acquisition. We considered this delay in our data analysis. Apart from this constant offset, the instrumental temporal errors of our system are smaller than our temporal resolution, which was set to 25 ms by the low pass filter of the data.
Participants
We enrolled 10 healthy subjects in the study, including 6 males and 4 females. The subjects were 22 -39 years old (mean age: 30 years; S.D. = 6 years). Most of the subjects followed the protocols described above once in a single session. Subjects 1 and 2 participated in three separate sessions, repeating the three protocols twice during those sessions. Subject 3 performed the finger-tapping and finger-tactile stimulation protocols twice in two separate sessions. Subject 9 did not perform the median nerve stimulation protocol; subject 10 performed the electrical median nerve stimulation protocol only. The study was approved by the Massachusetts General Hospital Institutional Review Board. All of the subjects gave written informed consent.
Data analysis
We processed the optical raw data off-line with in-house software implemented in MatLab (Mathworks, Sherborn, MA). The digital bandpass filter used to obtain the individual source signals was set at 20 Hz and we resampled the data at 40 Hz. To eliminate slow drifts, we normalized and high-pass filtered (0.5 Hz) the intensity data. To remove the arterial pulsation and its higher harmonics, we employed more specific filters, which fit the amplitude and period of the heartbeat at each point (Gratton et al., 1995a) . Finally, because the fast optical signals reported exhibit an intensity change about 0.1%, it was necessary to block average 700 -1000 stimuli to achieve a standard error of approximately 0.005% to 0.01%-below the expected amplitude of the fast signal.
Spatial maps of the measured percent intensity change for the fast signal were produced using a back-projection approach (Franceschini et al., 2000) . We normalized the maps with respect to the time t = 0 of the stimulus. The map in each hemisphere encompassed 14 source -detector couples, and covered an area of 5.6 Â 6.0 cm 2 (= 33.6 cm 2 ). The pixel size was 0.4 cm 2 for a total number of 84 pixels. The individual pixel values were linearly interpolated to produce the final optical maps.
We established five criteria with which to assess the robustness of the measured fast signal. These are as follows: (1) The block average of the signal at the two acquired wavelengths (690 and 830 nm) should have the same temporal evolution. (2) The block average of the signal during the rest period with a false stimulation sequence should be flat. To determine the statistical significance of the signal during stimulation relative to the signal at rest, the difference between the two curves should have a P value < 0.05. (3) Subsets of the stimulation sequence considering only odd or even stimuli, or random sequences of 1/3 of the stimuli, should generate a signal with the same temporal evolution as the one obtained using all of the stimuli. (4) The block average of the signal obtained during ipsilateral stimulation should be smaller than that obtained during contralateral stimulation. Finally, (5) the fast signal in the spatial maps should be localized in the hemisphere contralateral to the stimulated hand.
By analyzing the optical signal on a longer time scale (seconds) we measured the hemodynamic evoked response . Our paradigm consisted of a repetition of 10 (18, for the electrical stimulation) blocks of 20 s (10 s) of stimulation followed by 20 s of rest. By block averaging these 10 (18) periods we obtained the hemodynamic response. Briefly, we translated the temporal changes in intensity into temporal changes in the absorption coefficient (Dl a ) using the differential-pathlength-factor (DPF) method (Delpy et al., 1988) , and from the values of Dl a at two wavelengths determined the changes in oxy-and deoxy-hemoglobin concentrations. Hemoglobin maps were obtained using the same back- projection approach as for the fast signal maps. With this analysis, the values of the hemoglobin changes are qualitative and not quantitative because we did not consider the partial volume effect, because we used literature values for the DPF, and because we did not take into account possible changes in scattering Strangman et al., 2003) . The amplitude and spatial extent of the hemoglobin response was compared with those of the simultaneously acquired fast signal. Fig. 3 shows the photon migration spatial sensitivity profile for absorbing (top panels) and scattering (bottom panels) inclusions obtained with a Monte Carlo simulation in a 3D head model. In each panel the light and dark green colors depict the head and brain structure in the MRI slice of the head containing the source and detector. The two arrows indicate the source and detector positions. Note that in the case of a scattering inclusion, depending on the position of the scattering perturbation relative to the source and detector, detected light intensity (c) and phase shift (d) change sign from positive (red) to negative (blue), and for some positions do not change with respect to the baseline (green). This behavior is different from that of an absorbing inclusion, for which light intensity (a) and phase shift (b) always decrease (this is why the positive color scale is missing in the Figs. a and b) . The color scales of intensity and phase changes depend on the magnitude and volume of the absorbing/scattering inclusion. Consequently the logarithmic scales indicate relative changes with respect to spatial position of the inclusion (percentage of changes for intensity, and degrees for phase shift). In the figure we limit the color scales to span four orders of magnitude from both the positive and negative maximum changes.
Results
Monte Carlo simulations
The intensity and phase changes induced by a focal scattering increase at different depths within the cortex are shown in Fig. 4 . Based on these simulations, we see that a scattering inclusion that causes a 0.1% change in intensity in the brain cortex will cause a phase shift of 0.008j at a modulation frequency of 100 MHz. This Fig. 6 . Time traces of the block averaged intensity during the rest periods block averaged with a false stimulation sequence (subject number 2). The blue curve is calculated from the optical data high pass filtered at 2 Hz, the red curve is calculated from the optical data filtered with the adaptive heart filter. phase shift is at the detection limit for current frequency-domain systems (Wolf et al., 2002 ) (see related section in the discussion).
Experiments
Our major signal processing effort focused on optimizing filters that reduce the background physiological variation without biasing the resultant fast neuronal signal. While the instrumental noise of our CW system is typically less than 0.1% and easily reduced by block averaging a large number of stimuli (500 -1000 stimuli), the physiological noise, including arterial pulsations, respiration, and Mayer waves, causes intensity oscillations of 1 -5% in amplitude. In this case, as many as 10,000 events may be required to reduce the signals to below the contrast of the fast signal. Mayer waves and respiration are low frequency oscillations, typically 0.1 and 0.3 Hz, respectively, and we can efficiently filter them by applying a high pass filter with a cut-on frequency of 0.5 -1 Hz. The oscillations of the optical data due to arterial pulsation have a frequency of about 1 Hz with strong second, third, and fourth harmonics. In our experiments we adjusted the stimulation rate for each subject to a frequency between 4 and 5 Hz, optimized to be shifted respect to any arterial pulsation harmonics. We used an adaptive filter to remove the heartbeat from the intensity data. As proposed by Gratton et al. (1995a) , this filter first calculates an average heartbeat pulse waveform, and then subtracts this waveform from each individual heartbeat after fitting for beat-to-beat variation in the amplitude and period. Fig. 5a reports 8 s of the raw data (blue) collected in one of our subjects at 100 Hz. The green curve in the same figure shows the adaptive heart filter, and the red curve is the resulting data after subtraction of the heart signal. Fig. 5b reports the power spectra of the raw data (blue) and of the filtered data (red). As shown in Fig. 5b , our filter can achieve a reduction of more than a factor of 10 in the fundamental and successive heart harmonics.
An example of the effectiveness of the adaptive heart filter is shown in Fig. 6 . The graphs report the time traces of the optical signal acquired on subject number 2 during rest, block averaged with a false stimulation sequence of 1000 stimuli at a rate of 5 Hz. The blue curve is obtained by block averaging the optical data high pass filtered at 2 Hz, the red curve is obtained from the same data after removing the heart with the adaptive filter. Cleary, without the heart filter we might falsely interpret the optical signal as a fast response to the stimulus.
Most of our measurements on the 10 subjects provided us with a reliable optical signal. We measured a significant hemoglobin response to brain activation for all three of the protocols in all but one subject (participant number 8), for whom the SNR was low. We have reported these hemodynamic results in more detail in a different paper . For the fast signal, in 7 of the 10 subjects, we measured statistically significant intensity changes ( P value < 0.05) that satisfied the criteria described in the Data Analysis section. In particular, we detected a robust fast signal in 43% of the measurements during finger tapping, 60% of those during tactile stimulation, and 23% of those during electrical median nerve stimulation. Table 1 summarizes the results for the contralateral fast intensity changes induced by the three stimuli for the right and left hand stimulations in all of the subjects.
Examples of time traces of the block averaged optical signal during two stimuli are reported in the figures below. The red curve in Fig. 7 represents the time trace of the blocked average signal during stimulation for the source -detector pair in the contralateral hemisphere with maximum percent intensity changes at 830 nm during left hand finger-tapping stimulation for subject number 5. We plot two activation periods in the graphs (the pink vertical bars indicate when the fingers touch). In the four graphs, we compare the red curve with other curves obtained as per the first four criteria, which assess the robustness of the measured fast signal. In particular: graph (a) compares the signal at the two wavelengths (690 and 830 nm) at the channel of maximal response; in graph (b) the signal obtained during stimulation is compared with the signal obtained during the rest periods block averaged with a false stimulation sequence (the t test between these two curves gives a P value < 0.05); in graph (c) the block average of odd and even events is compared with the block average of all the events; we verified that random sequences considering only 1/3 of the stimuli provide time traces of the fast signal similar to those obtained by using all of the stimuli. Graph (d) compares the signal recorded in the same channel during ipsilateral and contralateral stimulation. For each curve we averaged about 800 stimuli and the error bars are the standard errors. Fig. 8 shows the same criteria for the same subject, for the same source -detector pair, for left hand finger-tactile stimulation. The repetition rate of the stimulus in this subject was 3.7 Hz.
We calculated the latency and the amplitude of the fast signal for each subject and each stimulation by considering the sourcedetector pair with the largest response. We defined the latency as the time from the origin to the first positive (P peak) and negative (N peak) maximum of the optical signal. For fingertapping, the origin was the time at which the thumb and the middle finger touched; for finger-tactile, when the finger of the experimenter touched the first three fingers of the subject; for Table 1 The first column indicates the subject number. The next columns report the results for the fast signal detection in the contralateral side of the brain during the three stimulation protocols. R and L indicate the hand performing the task. The + signs, and the gray cell, indicate an intensity change with a P value < 0.05, the À indicates a change under the 0.05 threshold for P. MA indicates fast changes in intensity attributed to motion artifacts. The D's for subject 8 indicate discarded cases due to a low measurement signal-to-noise ratio. The D in the right finger-tapping column for subject 4 indicates the loss of a data file due to a technical problem. A blank box means that the subject did not perform the specific task. median nerve stimulation, when the 0.2-ms current pulse was delivered. The amplitude is given by the peak-to-peak percent intensity change of the optical signal. Table 2 reports the average and the standard errors of the P and N peaks and the amplitude of the signal at the two wavelengths calculated for all of the positive fast signal cases (both left and right hand stimulation) listed in Table 1 .
The spatial maps of the block averaged intensity changes measured in subject number 5 during the first 225 ms of tactile stimulation are reported in Fig. 9 . The top maps refer to a right hand task; the bottom maps refer to a left hand task. The corresponding contralateral cortex is indicated by an arrow. The maps show an increase of intensity (red) with a latency of about 100ms. The small asymmetry of the activation area in the optical maps during left and right stimulation is because placement of the left and right probes on the head of this subject was not perfectly symmetrical. Fig. 10 reports the back-projection maps of the fast signal intensity changes (left), the oxy-hemoglobin changes (middle), and deoxy-hemoglobin changes (right) in three examples illustrating the different situations we encountered in comparing the fast signal with the hemoglobin maps: (a) left hand finger-tapping stimulation (subject number 2); (b) left hand finger-tactile stimulation (subject number 1b); and (c) right hand finger-tactile stimulation (subject number 2). In the first case, Fig. 10a , the three signals are colocalized, but the hemodynamic maps show a broader activation area than does the fast signal map. There is an ipsilateral activation in both the fast signal and the hemodynamic response. In Fig. 10b , the oxy-and deoxy-hemoglobin maps also show a broader activation area than does the fast signal map. In this case deoxy-hemoglobin is more anterior than the fast signal. In Fig. 10c , both oxy-and deoxy-hemoglobin are more anterior than the fast signal, which in this case is broader than the hemodynamic.
In Fig. 11 we compare the amplitude of the fast signal with the changes in oxy-and deoxy-hemoglobin concentrations for all of the cases in which we recorded a positive fast signal. For the fast signal we consider the amplitude reported in Table 2 ; for the hemoglobin changes we consider the average amplitude between 5 and 10 s after the onset of the stimulation. For the comparison, we normalize the fast signal and the hemoglobin concentration changes with the amplitude of the finger-tapping stimulation. The error bars represent the standard errors.
A problem that we encounter during finger-tapping is our inability to separate the evoked fast response from possible motion artifacts. In some cases the tapping at 4 -5 Hz caused vibrations, which propagated through the subject's arm and shoulder to the subject's head. These vibrations changed the optical coupling between the probe and the head, causing changes in the detected intensity. In these cases, the intensity change was not localized but spread over a large area, the timing of the onsets was different at different locations, and the spatial pattern of the changes is relatively insensitive to right or left hand stimulation. Fig. 12 shows maps of intensity changes that we attribute to motion artifacts. The maps are from subject 2b during right (top) and left (bottom) hand tapping 75 ms after the finger touch.
In some cases, for the same stimuli, the fast signal maximum was positive and sometimes was negative. We noticed this behavior across subjects, but also in the same subject for adjacent source -detector locations. Fig. 13 shows an example of this during right hand finger-tapping stimulation in subject 3. The red and blue curves show the percent intensity changes for source 2 with detector 9 and 13, respectively.
Discussion
The experimental results presented in this paper demonstrate the feasibility of measuring the fast signal with DOI. In fact, in the cases in which we detected rapid intensity changes, the changes revealed the expected characteristics for signals related to brain activity, namely, (1) the larger change in intensity is on the side contralateral to the stimulated hand; (2) the timing is similar to that reported (Gratton et al., 1995b Steinbrink et al., 2000) , and (3) the optical maps show the fast signal spatially localized in the same region as the hemodynamic response. Since the amplitude of the fast signal is small and buried under instrumental and/or physiological noise, we established five criteria with which to assess its robustness and validity. We also show possible measurement artifacts that need to be considered, and illustrate our preliminary findings as to the origin of the optical fast signal (scattering or absorption) and the neurovascular coupling (spatial colocalization, size and amplitude of the fast and hemodynamic signals).
Detectability of the fast signal
While the literature on optical measurements of hemodynamic response to brain activation is increasingly voluminously, few previous efforts in the literature report noninvasive optical measurements of the fast signal in humans. The measurement of the fast signals is much more difficult than that of hemodynamic because the time scale and the amplitude are both two orders of magnitude smaller, necessitating use of instruments that acquire at a rate higher than 20 Hz with a good SNR. Also, while hemodynamic response is optically measurable by averaging few trials, an average of several hundreds of stimuli is necessary to measure the fast signal. Our system is the first to allow imaging of a large area of the head (two 5.6 Â 6.0 cm 2 maps) with adequate temporal resolution (40 -100 Hz), good SNR (1000 -10,000), and simultaneous measurement at two wavelengths (690 and 830 nm). The limited number of sources and detectors of our system, and the fact that we did not have overlapping measurements with the probe geometry used, and therefore had to use back-projection to reconstruct our images, gave us a poor spatial resolution and nonuniform spatial sensitivity. In the optical maps in Figs. 9 and 10, the activated area is large due to our poor spatial resolution. This does not necessarily mean that the fast signal is spread over a large area. In fact, the fast signal can be well localized but in a position that is probed by multiple source -detector pairs. With back- Table 2 Stimulation P peak projection the whole volume probed by these source -detector pairs will appear as activated. Moreover, because of the nonuniform spatial sensitivity of our probe geometry, we will not be able to detect the fast signal if the focal changes due to the fast signal occur in a low sensitivity area. Because of the weakness of the fast signal, we decided to add five criteria to the statistical significance ( P value < 0.05) when assessing the validity of the measurement. Figs. 7 and 8 show the time course of the fast signal and illustrate four of the five criteria. In graphs (a) the signal at two wavelengths is compared. The amplitude of the signal at the two wavelengths can be slightly different (for reasons we will discuss below), but the signal should be present in both. Also, the time course should be the same, since the temporal effect of any absorption or scattering changes should be equal for the two wavelengths. Graphs (b) show that the signal obtained by a block average of rest periods using a false stimulation sequence is different than the signal obtained averaging with the real sequence during the stimulation periods. The signal obtained by the block average during rest should be flat. If not optimally filtered, possible measurement artifacts such as arterial pulsation and other physiological or instrumental noises can contribute to a signal change that can lead to a false fast signal (see Fig. 6 ). Graphs (c) compare the signals obtained using the block average of two subsets of stimuli. That the two subgroups are identical indicates that the resultant signal is not due, for example, to a random spike during the measurement, or to noise at a different frequency that is not completely averaged out by blocking 500 -1000 stimuli. Graphs (d) compare the results of fast signal measurements in the same location during stimulation of contralateral and ipsilateral hands. We expect that the amplitude of the fast signal will be lower during ipsilateral stimulation than during contralateral stimulation. This will be in agreement with the hemodynamic response, which is typically smaller during ipsilateral somatosensory stimulation .
Finally the fifth criterion, which requires spatial localization of the fast signal in a small area contralateral to the stimulated hands is shown in (Figs. 9, 10, and 12) . The limits we place on the spatial extent of the activation allow us to recognize the false fast signal generated by motion artifacts. Our major concern during the 4 -5 Hz finger-tapping is the transmission of vibrations from the subject's arm to the subject's shoulder and head. These vibrations modify the optical coupling between fibers and skin, causing changes in delivered and detected intensity, which can contribute to the optical signal in such a way as to overlap with the fast signal. Since the vibrations are caused by the stimulus, these artifacts have the same frequency of the stimulation, but should affect all of the source -detector pairs. The ability of our instrument to simultaneously map two large areas of the brain in the two hemispheres allows us to discern these measurement artifacts from the real, localized neuronal signal. Unfortunately we were not able to subtract the motion artifact from the neuronal activation signal, and we had to discard the datasets that presented common signal changes in all of the source -detector locations. Table 1 reports the results of fast signal detection in all of the subjects for all of the stimuli. The intensity changes were statistically significant, and satisfied our five criteria in 43% of the measurements during finger tapping, 60% of those during tactile stimulation, and 23% of those during electrical median nerve stimulation. Because of the probable scattering nature of the fast signal, and because our probe geometry was not dense enough to cover the sensorimotor area homogeneously, we may have missed the activation in cases where the activation was localized in the zero sensitivity zone of the sources and detectors shown in the simulated Monte Carlo data in Fig. 3 . We believe that improved detectability of the fast signal will be achieved by increasing the number of optodes and providing more uniform spatial coverage through overlapping measurements.
In measuring the fast signal during median nerve stimulation we achieved a lower detection rate than with the other two stimuli. In agreement with previous PET studies (Mima et al., 1999) , we have shown that median nerve electrical stimulation elicited a weaker hemodynamic response than did active movement and tactile stimulation. In addition, for the hemodynamic response, the size of the activated brain area during median nerve stimulation is half of that during the other two stimuli . Assuming a near-linear model of neurovascular coupling (Heeger et al., 1999; Hess et al., 2000; Logothetis et al., 2001; Yang et al., 1997) , the lower amplitude and smaller size of the hemodynamic response should correspond to a weaker neuronal activation localized in a smaller area. This would imply a smaller fast signal intensity change, a lower SNR, and a lower detection rate for median nerve stimulation relative to motor and tactile stimulation.
The lower detection rate during finger-tapping than during tactile stimulation-even if finger-tapping provides a stronger activation-is because, with this stimulus, we discarded several datasets that were affected by motion artifacts, as discussed above. Fig. 11 . Amplitude of the fast signal and hemoglobin concentration normalized with respect to the amplitude during finger-tapping stimulation. The amplitudes are given by the grand average during both left and right hand stimulation of all of the subjects who show positive detection of fast signal. Fig. 13 . Intensity changes in two adjacent locations on subject number 3 during right hand finger-tapping. 
Measured latency and amplitude of the fast signal
Measurements of the fast signal reported show a latency of about 50 -150 ms (Gratton et al., 1997b; Steinbrink et al., 2000) . In a study by Gratton et al. (1997b) , a comparison of visual evoked potentials (VEP) and fast signal measurements repeated in the same subjects shows good temporal correlation, with a peak response for both signals at about 100 ms after stimulation. The good temporal agreement between the optical fast signal and the electrical activity in Gratton et al. (1997b) suggests that the fast signal should be directly related to neuronal activity rather to the subsequent hemodynamic response. In difference to the study of Gratton et al. (1997b) , our stimuli are presented at a higher repetition rate such that the measured fast signal does not reach a baseline between stimuli. We thus have difficulty in zeroing our signals. As a result, we observe positive and negative peaks during the 200-ms interstimulus interval in agreement with Gratton et al. (1997b) and Steinbrink et al. (2000) . In all but one of our measurements, the positive peak preceded the negative peak. The latency of the P peak was 60, 90, and 20 ms for tapping, tactile and electrical stimulation, respectively. The latency of the negative peak was 180 ms for tapping and tactile stimulation and 125 ms for electrical stimulation. In the case of median nerve stimulation we had a smaller standard deviation than with the other two stimulations.
Two different groups have reported amplitude changes of the fast signal for median nerve stimulation (Steinbrink et al., 2000) , and finger-tapping (Wolf et al., 2002) stimulation. The amplitude changes range from 0.02% to 0.3% for different stimuli and different subjects. Our results show amplitude changes of the same order of magnitude (from 0.01% to 0.24%). We did not find any significant differences in the amplitudes of the signal at the two wavelengths. However, we observed that the amplitude of the fast signal decreases significantly from tapping to electrical stimulation.
Origin of the fast signal
In vitro optical measurements in neurons and other brain cells have been shown to produce light scattering changes (Andrew et al., 1994; Cohen 1973; Cohen et al., 1968; Federico et al., 1994; Stepnoski et al., 1991) . It has been shown that fast hemodynamic changes (Sandman et al., 1984 ) on a time scale of 100 ms correlate with event-related potentials. At present, it is not clear whether the fast changes measured optically in vivo noninvasively are due to scattering or absorption changes.
Our experimental results seem to confirm the hypothesis that the fast signal is the result of changes in light scattering caused by changes in the physical properties of cells. The Monte Carlo simulations reported in Fig. 3 show that the light spatial sensitivity profile in the human head differs due to absorbing or scattering perturbations. In the case of a scattering variation, the light intensity and phase shift bundles show areas of positive, negative, and zero change. In our measurements, the results for the fast signal show increases and decreases in intensity for the same stimulus in different subjects, and in some cases for adjacent optodes on the same subject (see Fig. 13 ). This sign change is not justified in the case of a focal absorption change. However, as the Monte Carlo results show, it can happen in the presence of a focal scattering change. Based on these simulations, depending on the relative positions of the focal activation and the location of the optodes, we can detect positive or negative intensity changes. Thus, our experimental findings support the hypothesis that the fast signal has a scattering origin. Still, to validate the findings, we need to take measurements with a much denser array of sources and detectors so as to achieve a higher spatial resolution, and preferably with 6 or more wavelengths to spectroscopically distinguish scattering from absorption changes.
The data at the two wavelengths used in this study (690 and 830 nm) do not reveal any information about the spectral characteristics of the fast signal. If the signal change results from a hemodynamic response, we might expect a larger signal change at 830 than at 690 nm consistent with a dominant oxy-hemoglobin modulation relative to deoxy-hemoglobin as normally seen with brain activation. The fact that the amplitude of the fast signal is the same at both wavelengths suggests another contrast mechanism, but does not alone rule out absorption.
Phase versus amplitude measure of the fast signal
Studies have shown that phase measurements are more sensitive to scattering changes than to absorption changes (Gratton et al., 1997a) . Because the fast signal appears to be the result of a scattering perturbation, phase measurements of the fast signal were originally considered more effective than other measurements (Gratton et al., 1997b) . However, more recent works have argued that, because intensity measurements offer a higher signalto-noise ratio, these are the more effective measurements of the fast signal (Steinbrink et al., 2000) . Our Monte Carlo simulations show that a focal scattering change in the cortex that causes a 0.1% change in intensity causes only a 0.008j phase shift at 100 MHz (see Fig. 4 ). These results, obtained in our more realistic and more sophisticated 3D head model, confirm the results of previous Monte Carlo simulation (Steinbrink et al., 2000) obtained in a simplified geometry (Okada et al., 1997) . The results shown in Fig. 4 show a particular case, dependent on the magnitude and location of the scattering change and on the optical properties and thickness of the different layers. Nevertheless, by looking at the spatial sensitivity Figs. 3c and d, it is clear that there are no deep locations in the head for which we can have a large phase shift and a small intensity change. Since the intensity and phase bundles in the brain essentially overlap, intensity and phase changes for different scattering properties of the perturbation and different head optical properties and geometries will scale maintaining a similar relative difference, as shown in Fig. 4 .
The instrumental noise of our CW system, acquiring at a rate of 10 -50 Hz, is typically less than 0.1%. Thus, when averaging hundreds of stimuli, we can achieve a standard error of 0.001 -0.005% and a contrast-to-noise ratio of 30. With an optimized frequency-domain system, Wolf et al. reports a phase noise level of 0.001j after averaging the signal over the stimulation period (5 -10 min) (Wolf et al., 2002) . This translates to a noise level of 0.1 -0.2j when acquiring at a rate of 40 Hz (the reported noise in the intensity for that system is 0.05 -0.08% at 40 Hz). By averaging 1000 events, the noise on the phase (0.004 -0.006j) will still be of the same order of magnitude as the phase shift due to the fast signal (from our calculations 0.008j). To achieve the same contrast-to-noise ratio of an intensity measurement it will be necessary to average 100,000 trials with a phase measurement. This explains the intensity measurements' higher fast signal detection rate relative to phase measurements reported by Wolf et al. (2002) . Because of the higher contrast-to-noise ratio, we conclude that intensity measurements are more effective than phase measurements for the noninvasive detection of the fast signal.
Improving the signal-to-noise ratio in the measured fast signal
In our experiments, while the instrumental noise was sufficiently reduced by averaging 500 -1000 stimuli, physiological fluctuations such as arterial pulsation caused intensity changes 10 -50 times larger than those expected from the fast signal, and necessitated additional signal processing to remove them. Previous works have shown the importance of optimizing the filters that reduce the background physiological variation without biasing the resultant fast neuronal signal (Gratton et al., 1995a) . Mayer waves (approximately 0.1 Hz) and respiration (approximately 0.3 Hz) can be efficiently filtered by applying a high pass filter of 0.5 -1 Hz. Because the intensity oscillations due to arterial pulsation have a frequency of about 1 Hz, with strong harmonics that extend to the frequency band of the fast signal, we cannot efficiently use band pass filters. Fig. 6 (blue curve) shows that when the arterial oscillations are not prefiltered that averaging 1000 stimuli does not remove the arterial signal and the resultant signal can look like fast signal. As shown in Fig. 5 , our current adaptive filter can achieve a reduction of a factor 10 or more on the arterial pulsation intensity fluctuations, which is adequate for detection of the fast signal after averaging approximately 100 -500 events. Improvements in the filters can increase the detectability of the fast signal. For example, filters to suppress motion artifacts will allow us to not discard most of the fingertapping stimulation datasets. A reduction of the residual physiological 1/f noise shown in Fig. 5b to the instrumental noise floor will allow us to reduce the number of stimuli necessary to achieve a good SNR.
Coregistration of hemoglobin and fast signal
Previous works Gratton et al., 2000 Wolf et al., 2002) using systems with fewer source -detector combinations and covering smaller areas of the cortex have shown colocalized fast signal and vascular response. Fig. 10 compares optical maps of the fast signal with corresponding maps of hemodynamic response. The three examples reported show that, while in some cases the signals seem to be well colocalized, there are other cases in which the fast signal and the hemodynamic response are in slightly different locations or have different sizes. Based on these results, we cannot draw any strong conclusions about spatial colocalization and spatial extent of the neuronal and hemodynamic signals. This is because of the low resolution and the inhomogeneous spatial sensitivity to focal changes associated with the backprojection method used with our probe geometry. In fact, in our work, we wished to acquire contralateral and ipsilateral motor cortices simultaneously, and to extend the coverage to two large areas so as to be able to discern motion and systemic artifacts from the fast signal. The resulting probe geometry, while assuring the coverage of two large areas, gave us poor spatial resolution and allowed for image reconstruction with backprojection only, because of the lack of overlapping measurements. To overcome this limitation, we will need to develop a system with a larger number of optodes and a probe geometry with overlapping measurements, and employ tomography instead of back-projection to reconstruct the images.
In this work, we activated the sensorimotor cortex with three different stimuli. We know from the literature (Mima et al., 1999) , and from our findings , that the hemodynamic evoked response has smaller amplitude with passive movement than with active movement. In Fig. 11 , we compare the grand average of the relative amplitude of the fast signal during tactile and electrical stimulation with respect to finger-tapping stimulation with the corresponding relative amplitudes of oxyand deoxy-hemoglobin . The relative changes in the fast signal and deoxy-hemoglobin show the same decrease in amplitude with stimulus type. We observe a slightly weaker correspondence between fast signal and oxy-hemoglobin concentration. This is because during finger-tapping the oxyhemoglobin concentration is contaminated by the systemic increase in heart rate and blood pressure . These systemic signals are in the arterial side and therefore have minimal influence on deoxy-hemoglobin concentration. Furthermore, they are smaller or not even present during passive stimulation (tactile and electrical). It is exciting to observe the same decrease in amplitude for both hemoglobin and the fast signal, which should represent a direct measurement of neuronal activation. The linear correspondence between the amplitude of neuronal and vascular response under different stimuli may indicate a linear model of neurovascular coupling. Still, because of the strong assumptions and approximations we made when calculating hemoglobin changes, and because we considered only the intensity changes for the fast signal, our results are not quantitative. For instance the decrease in amplitude with the type of stimuli might also reflect a decrease in size or increase in depth of the activation, thus increasing the partial volume reduction of the measured amplitude of the optical signals.
Conclusions
Thus far we have been able to measure a fast optical change in intensity following activation (latency approximately 50 -150 ms) in about approximately 60% of the subjects tested. This success rate follows the adoption of rigid exclusion criteria to avoid misinterpretation due to possible measurement artifacts. The relative changes in intensity associated with this signal were in average 0.07%, larger than the instrumental noise (0.001 -0.005 after averaging approximately 1000 stimuli). We believe that we can improve this statistic by optimizing the protocol and the signal processing, and by using a denser source -detector array with overlapping measurements to provide more uniform coverage of the head. The ability of measuring optically the neuronal activation in humans, noninvasively, simultaneously with the vascular response will lead to the advance of our understanding of brain physiology by revealing amplitude -spatial -temporal features of neurovascular coupling not currently accessible with existing imaging techniques.
